Introduction
Borderline resectable pancreatic cancer (BRPC) represents only about 10% of all patients with pancreatic cancer. 1 Upfront surgery for BRPC leads to high rates of R1 or R2 resection, local recurrence, and distant metastasis. 2 Therefore neoadjuvant chemotherapy with chemoradiation (CRT) is becoming the preferred treatment approach for BRPC. Modern multiagent chemotherapy in this setting often includes FOLFIRINOX (fluorouracil, irinotecan, oxaliplatin, and folinic acid) or gemcitabine and nab-paclitaxel, whereas single-agent gemcitabine, fluorouracil, or capecitabine are commonly used as radiosensitizers during chemoradiation. Although prospective data sample sizes are small, the reported rates of R0 resection after neoadjuvant chemotherapy and CRT are high at 75% to 97%, and the median overall survival is 25 to 40 months versus 14 to 18 months in patients with resected versus unresected BRPC, respectively. 2e6 Germline mutation of either the BRCA1 or BRCA2 genes is associated with an increased relative risk of pancreatic ductal adenocarcinoma equal to approximately 3.5 (95% confidence interval, 1.87-6.58).
7 BRCA1 and BRCA2 transcription is modulated throughout the cell cycle, and BRCA proteins are involved in all phases of the cell cycle and even coordinate cell cycle progression, programmed cell death, and maintenance of genomic stability. 8 Furthermore, the canonical function of these 2 proteins is repair of DNA double-strand breaks via homologous recombination (HR).
9 BRCA1/2 loss leads to increased DNA damage and cell death after irradiation.
10e13 Although decreased DNA damage repair is optimal in cancer cells targeted with radiation, there is concern with normal tissue toxicities that also exhibit BRCA1/2 loss resulting in defects in HR. Several clinical studies have reported tissue toxicities within the acceptable range or have found no evidence of increased toxicities for patients with breast cancer with BRAC1/2 germline mutations treated with radiation.
14e16 Herein we present a case of a man with a diagnosis of BRPC with a germline BRCA2 mutation who developed severe acute colitis after administration of CRT.
Case Report
A 45-year-old white man with an Eastern Cooperative Oncology Group performance score of 0 presented with obstructive jaundice, weight loss of 35 pounds over 6 months, dark-colored urine, and clay-colored stools. A computed tomography (CT) scan of the abdomen and pelvis revealed a mass measuring 3.8 Â 2.6 cm in the head of the pancreas. His initial bilirubin was 27 mg/dL (normal, 0.1-1.2 mg/dL) and carbohydrate antigen (CA) 19-9 was more than 4000 U/mL (normal, 0-37 U/mL). Fine needle aspiration of the pancreatic mass via endoscopic ultrasound revealed adenocarcinoma. The mass abutted but did not encase the hepatic artery, portal splenic confluence, or superior mesenteric artery (Fig 1) . The oncology team recommended neoadjuvant chemotherapy followed by CRT for BRPC. Staging scans confirmed he did not have metastatic disease.
A workup for underlying liver disease with laboratory tests and liver biopsy was nonrevealing, and it was concluded that the patient had prolonged cholestasis as a result of long-standing obstruction. Therefore the clinical team recommended pursuing CRT with 5-flouracil (5-FU)ebased chemotherapy to start treatment. CA 19-9 was 10,790 U/mL 3 weeks before starting CRT. With such an elevated CA 19-9 there was concern for metastatic disease, but full workup and staging studies did not reveal evidence of metastasis (eg, liver, lungs, peritoneum), so the decision was made to move forward with definitive therapy.
The patient started 5-FUebased CRT with the plan for a total dose of 55 Gy in 25 fractions using a 6 MV volumetric modulated arc therapy plan (Fig 2) . He received standard 5-FU 225 mg/m 2 per day for a planned 5 d/wk on days of radiation. His total bilirubin started trending down. However, about 1 week after starting therapy, he reported increasing diarrhea. Before starting therapy, he was having 6 to 8 bowel movements a day, which was attributed to pancreatic enzyme and bile salt insufficiency. After fraction 8 of radiation he reported a slight increase in bowel movements, with 8 to 10 bowel movements per day with a more watery consistency and increased gas. He was taking diphenoxylate/atropine (Lomitil by Pfizer, Inc.) twice a day along with other conservative measures without relief. After a discussion with the patient about discontinuing therapy, holding therapy, or reducing 5-FU or radiation dose, he indicated he wished to continue aggressively with therapy without delay because he was otherwise asymptomatic.
Infectious testing was negative, including Clostridium difficile and stool studies. At fraction 16 he appeared to be improved with only 4 bowel movements per day. However, at fraction 19 and a total of 41.8 Gy delivered, he had a sudden increase in bowel movements to 13 to 15 bowel movements per day and was subsequently hospitalized as a result of severe diarrhea, reduced performance status, dehydration, and new-onset hematochezia. During his hospitalization a CT of the abdomen and pelvis showed pancolonic wall thickening with adjacent inflammatory changes (Fig 3) . By this time, his total bilirubin had decreased to 1.5 mg/dL. A colonoscopy was performed, with findings of diffuse areas of erythematous mucosa spanning the entire colon and having the highest degree within the transverse colon, which lay in close proximity to the radiation field. The mucosa had punctate hemorrhages and ulceration and was friable with contact (Fig 4) . Biopsy specimens of the colon revealed pathologic findings of marked acute colitis with epithelial denudation, prominent apoptotic bodies, crypt rupture granuloma, decreased goblet and Paneth cells, and patchy increased chronic inflammation. Workup for an infectious cause was negative (including Shigella, Escherichia coli, Campylobacter, Enterobacter histolytica, Salmonella, cytomegalovirus, and Epstein-Barr virus). However, CRT was discontinued with only 19 of the planned 25 fractions completed because of concern that CRT was the cause of the pancolitis.
After the discontinuation of CRT, the patient's colitis resolved. During this time, Foundation One testing of the tumor tissue revealed a BRCA2 R2520 mutation and additional alterations, including KRAS G12D, p14ARF exon 1 loss (encoded by CDKN2A), CDKN2B loss, SMAD4 exons 9 to 10 loss, and TP53 R196. A family history had uncovered a history of breast, ovarian, pancreatic, colon, and bladder cancer, and germline genetic testing was positive for the same germline BRCA2 mutation (BRCA2 c.7558C>T, R2520*) after CRT had been discontinued. This mutation is a heterozygous mutation in exon 15; it is classified as pathogenic and is expected to result in loss of function as a result of absent/ disrupted protein product.
Interval staging scans obtained approximately 4 weeks after CRT was discontinued unfortunately revealed diffuse metastatic disease in the liver, with innumerable small hypodense lesions, and a CA 19-9 of 84,750 U/mL. He was subsequently initiated on FOLFIRINOX, and 4 months after therapy, his CA 19-9 dropped to 77. His CT scans indicated essentially complete resolution of liver metastases and a significant decrease in size of the pancreatic head mass to 2.0 Â 0.9 cm (Response Evaluation Criteria in Solid Tumors partial response).
Discussion
We present herein a case of a patient who developed severe gastrointestinal toxicity after treatment of BRPC with radiation and 5-FU. The patient was subsequently found to have a BRCA2 germline mutation. It is important to note that this pathogenic mutation is expected to result in loss of BRCA2 function. This is an important distinction because some BRCA mutations can be functionally silent, and our findings should certainly not be applied to all patients with a BRCA mutation. Cancer cells deficient in BRCA1 or 2 have been found in vitro to be more sensitive to radiation than their wild type counterparts. 17 Furthermore, in vivo studies have found that BRCA1 silencing in breast cancer models leads to enhanced radiosensitization. 18 Although BRCA1/2 mutations result in enhanced radiosensitization, there has been a dearth of clinical data to suggest that patients (with malignancies other than breast cancer) with BRCA1/2 mutations have differences in outcomes or toxicities after radiation therapy compared with wild type patients. 14, 19, 20 As of now it is not clear whether loss of one wild type BRCA (ie, haploinsufficiency) is sufficient to reproducibly lead to an increased susceptibility to radiation-induced cell death in patients or if loss of heterozygosity (LOH) is required. 21 Although LOH is common in tumor development and evolution, normal cells are usually haploinsufficient and LOH is rare. Certainly there is preclinical evidence that BRCA haploinsufficiency can lead to impaired DNA damage repair in vitro. 10, 22, 23 In addition, Buchholz et al 23 reported that heterozygous mutations in BRCA1 or BRCA2 in dermal fibroblasts had decreased survival fraction at 2 Gy of radiation and increased chromatid breaks compared with wild type control cell lines in vitro.
One hypothesis is that normal cells deficient in BRCA1/ 2 are more susceptible to radiation-induced DNA damage, and therefore patients with germline BRAC1/2 mutations will exhibit more normal tissue toxicities after radiation. Kelsey et al 24 compared lung damage with single-photon emission computed tomography lung perfusion scans before and after radiation treatments and found that polymorphisms within genes involved in DNA repair (XRCC1 and BRCA1) were associated with radiation sensitivity. However, the majority of studies, mostly in breast cancer, have not found any correlation with increased radiationinduced normal tissue toxicities in the setting of BRCA1/ 2 germline mutations. Pierce et al 20 reported results from 71 breast cancer patients with either germline BRCA 1 or 2 mutations treated with breast-conserving surgery and radiation compared with matched controls. There was no difference in acute or late toxicities in terms of skin or lung toxicities, and clinical outcomes were similar. From the UK, Shanley et al 15 examined a retrospective cohort of 55 BRCA1/2 carriers who were treated for breast cancer with radiation and were compared with age-matched sporadic controls. There was no increase in rates of late events (rib fractures, lung fibrosis, necrosis of soft tissue or bone, and pericarditis) or clinical photography scores of breast size, shape, and skin telangiectasia. Gaffney et al 16 also reported no differences in toxicities in patients with breast cancer harboring BRCA1 or BRCA2 mutations compared with sporadic controls.
Although it appears that patients with breast cancer carrying BRCA1/2 mutations do not have increased risks of acute or late-term toxicities, there is a scarcity of data reviewing the risk of acute gastrointestinal toxicities in germline BRCA1/2 mutated patients who receive abdominal radiation. This is in part a result of BRCA gene status not being routinely tested in patients with abdominal malignancies. As mentioned, there are data to support germline BRCA mutations as not associated with increased radiosensitivity or radiation-induced toxicity in various tumor types, including breast and prostate cancer (reviewed by Bernier and Poortmans 25 ). In multiple reports consisting of germline BRCA mutated patients with breast cancer treated with radiation, no increased rates of acute or late toxicities were noted compared with sporadic breast cancer. 14, 16 In addition, one case report by Vesprini et al 26 of 3 men with prostate cancer and germline BRCA2 mutations found no adverse short-or long-term gastrointestinal or genitourinary side effects after treatments with radiation and chemotherapy. Furthermore, cell lines generated from one of these BRCA2 mutated patients indicated no difference in clonogenic survival after radiation compared with normal fibroblast strains.
In our case report the patient experienced colitis that appeared to be related to the radiation because the most severe portion of the colitis was in the transverse colon, the part of the colon closest to the high-dose region of the radiation plan. We speculate that the radiation damage resulting from BRCA2 mediated radiosensitivity, resulting in breakdown of the intestinal epithelial barrier, which subsequently led to a transmural infection or colitis of most of the colon. Interestingly, the colitis improved rapidly after radiation was discontinued and did not occur again, even when he was on FOLFIRINOX chemotherapy (platinum containing and 5-FU containing). We would have expected the colitis to return during FOLFIRINOX chemotherapy if it was related to 5-FU chemotherapy.
In summary, we provide evidence of a brisk noninfectious colitis arising during 5-FUebased chemoradiation in a healthy man with BRCA2 germlineemutated pancreatic cancer. This case report suggests that caution and close monitoring must be undertaken in patients with known germline HR-deficient pancreatic cancer undergoing radiation or chemoradiation therapy. This report further supports genetic testing of patients with pancreatic cancer with a family history in the context of appropriate genetic counseling. In addition, more comprehensive testing of DNA repair pathways, including homologous recombination pathways, in patients who have received abdominal radiation for upper abdominal malignancies is warranted to determine whether any increased risk of radiation toxicity may be associated with alterations in these pathways.
